R apid restoration of the infarct-related coronary artery has become a main goal in patients with ST-segment-elevation myocardial infarction (STEMI). Previous studies reported that a reduced preprocedural Thrombolysis in Myocardial Infarction (TIMI) flow grade at baseline was associated with worse clinical outcomes in patients with STEMI undergoing primary percutaneous coronary intervention (PCI).
group reported in vivo the diagnosis of plaque rupture, plaque erosion, and calcified nodule using OCT in patients with ACS 6 and STEMI. 7 However, the OCT-or IVUS-derived specific morphological characteristics associated with reduced preprocedural TIMI flow grade in patients with STEMI are unknown. The aim of this study was to identify specific morphological characteristics in the culprit plaques associated with poor TIMI flow grade at baseline in patients with STEMI using both OCT and IVUS.
Methods

Study Population and PCI Procedures
This was a retrospective analysis of a previously published study. 7 Out of 145 patients who were admitted to Hirosaki University Hospital (Hirosaki, Japan) with STEMI between January 2013 and June 2014 and had provided written informed consent for the primary PCI procedure, 111 patients who had undergone both OCT and IVUS as part of the routine care were included in this study. STEMI was defined as typical chest pain lasting >20 minutes, ECG showing new ST-segment elevation ≥0.2 mV in at least 2 contiguous precordial leads, ≥0.1 mV in at least 2 contiguous limb leads, or new left bundle branch block, and cardiac markers (creatine kinase-MB fraction or cardiac troponin T) elevated above the upper reference limit. Exclusion criteria included cardiogenic shock, unsuccessful reperfusion to achieve antegrade flow despite aspiration thrombectomy, acute stent thrombosis, inability to advance an intravascular imaging catheter to the culprit lesion, poor image quality, massive thrombus, coronary embolism, and STEMI caused by spontaneous coronary dissection.
Aspirin 200 mg, clopidogrel 300 mg, and heparin 100 IU/kg were administered before the procedure. All patients underwent primary PCI within 24 hours of symptom onset. All images were deidentified, digitally stored, and sent to Massachusetts General Hospital (Boston). This data set was not part of the international registry. The patients were divided into 2 groups according to preprocedural TIMI flow grade (TIMI flow grade 0-1 or 2-3) on the initial angiogram. Angiographic, OCT, IVUS, and patient characteristics were compared between patients with preprocedural TIMI flow grade 0 to 1 and 2 to 3. This collaboration study was approved by the Institutional Review Boards at Massachusetts General Hospital and Hirosaki University Hospital.
Acquisition of OCT and IVUS Image
Both OCT and IVUS were performed at the culprit lesion after manual aspiration thrombectomy, which was repeated until antegrade coronary flow was restored and analyzable image quality was achieved. We identified the culprit lesion based on angiogram and then performed OCT and IVUS. For image analysis at Massachusetts General Hospital, the culprit lesion was identified using the cross-sectional and longitudinal images. Plaque morphology, such as plaque rupture, provided additional information to confirm the culprit lesion. The details of the OCT and IVUS methods were described in a previous article.
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Angiographic Analysis
Coronary angiograms performed before intervention, after thrombectomy, and at the end of the procedure were analyzed for TIMI criteria 8 and final myocardial blush grade. 9 Myocardial no reflow was defined as TIMI flow grade ≤ 2 or TIMI flow grade 3 with myocardial blush grade ≤1 on the final angiogram. 10 Reference vessel diameter, minimal lumen diameter, % diameter stenosis, and lesion length were also measured. Coronary angiograms were analyzed using an offline quantitative coronary angiography program (CAAS version 5. 10. 1; Pie Medical Imaging BV. Maastricht, The Netherlands).
OCT Analysis
Plaques were categorized into plaque rupture, plaque erosion, calcified nodule, and others. 6 Tissue characteristics of the underlying plaque were defined using the previously established criteria. 11 A lipid plaque was defined as a plaque with lipid arc >90º. For each lipid plaque, the thinnest fibrous cap thickness, the maximal arc of lipid, lipid length, and lipid index were measured ( Figure [A] and [B] , left). Lipid index was calculated as the average of lipid arc multiplied by lipid length. TCFA was defined as a lipid plaque with the thinnest fibrous cap thickness of <65 µm. Calcification was defined as a signal-poor or heterogeneous region with sharply delineated borders. For each calcification, the maximal calcium arc and the minimal depth from luminal surface to the leading edge of calcification were measured. A microchannel was defined as a sharply delineated signal-poor hole visible on multiple contiguous frames. Macrophage infiltration was defined as bright spots with high OCT backscattering signal variances. Thrombus, defined as an irregular mass protruding into the lumen, was semiquantitatively assessed using the sum of involved quadrants in each 1-mm interval cross section. 12 All OCT images were analyzed by 2 experienced investigators who were blinded to the angiographic data and clinical presentations. When there was discordance between the observers, a consensus reading was obtained from another investigator.
IVUS Analysis
Quantitative IVUS measurements included external elastic membrane (EEM) cross-sectional area (CSA), lumen CSA, and plaque plus media (P+M) CSA at the lesion site and reference sites ( Figure  [A] and [B] , right). The lesion site selected for analysis was the image frame with the minimal lumen CSA. Plaque burden was calculated as the lesion P+M CSA divided by the lesion EEM CSA multiplied by 100. 13 Reference sites were identified as the least diseased CSA images within 10 mm proximal and distal to the culprit lesion. Plaque eccentricity index was calculated as (maximal P+M thickness−minimal P+M thickness) divided by maximal P+M thickness. The remodeling index was calculated as the EEM CSA at the lesion site divided by the average of the proximal and distal reference EEM CSA. 13 All IVUS images were analyzed by 2 experienced investigators who were blinded to the angiographic data and clinical presentations. When there was discordance between the observers, a consensus reading was obtained from another investigator.
WHAT IS KNOWN
• Previous studies reported that a reduced preprocedural Thrombolysis in Myocardial Infarction (TIMI) flow grade at baseline was associated with worse clinical outcomes in patients with ST-segment-elevation myocardial infarction undergoing primary percutaneous coronary intervention.
• It remains unclear why some plaques lead to STsegment-elevation myocardial infarction with reduced TIMI flow grade at baseline, whereas others did not.
WHAT THE STUDY ADDS
• Patients with preprocedural TIMI 0 to 1 had a greater lipid arc, a longer lipid length, and a greater lipid index by optical coherence tomography and a larger external elastic membrane cross-sectional area and plaque plus media cross-sectional area by intravascular ultrasound, compared with patients with preprocedural TIMI 2 to 3. Plaque Morphology in STEMI
Statistical Analysis
Categorical outcomes were presented as counts and percentages, and the Fisher exact test or χ 2 test was used when appropriate. The distributions of continuous variables were tested for normality with the Kolmogorov-Smirnov test. The mean±SD was reported when data were normally distributed, and the median (25th, 75th percentiles) were reported when data were not normally distributed. Continuous variables were compared by Student t test or Mann-Whitney U test when appropriate. A P value <0.05 was considered statistically significant. All statistical analyses were performed using SPSS 17.0 (SPSS Inc., Chicago, IL).
Results
Baseline and Angiographic Characteristics
Among the 111 patients with STEMI, 82 (74%) showed preprocedural TIMI flow grade 0 to 1. Baseline clinical and angiographic characteristics are shown in Tables 1 and 2 . No significant difference was found between patients with TIMI 0 to 1 and TIMI 2 to 3 except for the estimated glomerular filtration rate. Although patients with TIMI 0 to 1 had smaller minimal lumen diameter and greater % diameter stenosis at baseline compared with those with TIMI 2 to 3, after thrombectomy, similar minimal lumen diameter and % diameter stenosis were observed between the 2 groups ( Table 2) . Although final TIMI flow grade did not differ between the 2 groups, the incidence of final myocardial blush grade ≤1 and of no reflow were significantly higher in patients with TIMI 0 to 1 than in those with TIMI 2 to 3. A peak creatine kinase-MB fraction level was significantly higher in patients with TIMI 0 to 1 than in those with TIMI 2 to 3 ( Table 1) .
OCT Findings
OCT findings after aspiration thrombectomy are shown in Table 3 . The prevalence of plaque rupture, plaque erosion, and calcified nodule as a culprit lesion pathology was not different between the 2 groups. Although the thinnest fibrous cap thickness did not differ between the 2 groups, the maximal lipid arc, lipid length, and lipid index were greater in patients with TIMI 0 to 1 than in those with TIMI 2 to 3 (P=0.037, P=0.021, and P=0.007, respectively). Thrombus score was significantly higher in patients with TIMI 0 to 1 (P<0.001). Microchannel was less frequently observed in patients with TIMI 0 to 1 than in those with TIMI 2 to 3 (P=0.021). The prevalence of macrophage and TCFA was similar between the 2 groups.
IVUS Findings
IVUS findings are shown in Table 4 . Patients with TIMI 0 to 1 had larger EEM CSA and P+M CSA at the lesion site (P=0.030 and P=0.030, respectively) than those with TIMI 2 to 3. EEM CSA at the reference site tended to be larger in patients with TIMI 0 to 1 than in those with TIMI 2 to 3 (P=0.052). Remodeling index was not different between the 2 groups.
Subgroup Analysis According to Plaque Morphology
Baseline and angiographic characteristics and OCT and IVUS findings were compared based on underlying plaque pathology: plaque rupture (n=72) versus plaque erosion (n=30). When analysis was performed in a subgroup of patients with plaque rupture (TIMI 0-1, n=54 and TIMI 2-3, n=18), the baseline and angiographic characteristics were almost identical to the whole study population (Tables I and  II in the Data Supplement). The incidence of final myocardial blush grade ≤1 and no reflow were both significantly higher in patients with TIMI 0 to 1 than in those with TIMI 2 to 3 ( Table II in the Data Supplement). OCT findings showed that the lipid length and lipid index were greater, and the prevalence of microchannel was lower in patients with TIMI 0 to 1 than in those with TIMI 2 to 3 (Table III in the Data Supplement ). Patients with TIMI 0 to 1 had larger EEM CSA and P+M CSA at the lesion site (Table IV in the  Data Supplement ) . In addition, patients with TIMI 0 to 1 had larger plaque burden at the culprit site and larger EEM CSA at the reference site compared with those with TIMI 2 to 3. When analysis was done in a subgroup of patients with plaque erosion (TIMI 0-1, n=22 and TIMI 2-3, n=8), no difference was observed in all OCT and IVUS parameters between patients with TIMI 0 to 1 and those with TIMI 2 to 3 (Tables I through IV in the Data Supplement).
Discussion
To the best of our knowledge, this study is the first detailed investigation using both OCT and IVUS to explore morphological characteristics of the culprit lesion associated Values are mean±SD, median (25th, 75th percentiles), or n (%). ACEI indicates angiotensin-converting enzyme inhibitor; ARB, angiotensin II receptor blocker; BMI, body mass index; CK-MB, creatine kinase MB fraction; eGFR, estimated glomerular filtration rate; HDL, high-density lipoprotein; hs-CRP, high sensitivity C-reactive protein; LDL, low-density lipoprotein; MI, myocardial infarction; PCI, percutaneous coronary intervention; and TIMI, Thrombolysis In Myocardial Infarction. 
Preprocedural TIMI Flow and Outcomes
Previous studies reported that reduced preprocedural TIMI flow grade in patients with STEMI was associated with worse clinical outcomes including impaired left ventricular function and increased mortality after primary PCI.
1,2 Consistent with the previous reports, we found that patients with preprocedural TIMI flow grade 0 to 1 had a higher incidence of myocardial blush grade ≤1 and no reflow and had greater myocardial damage as assessed by peak creatine kinase-MB fraction value compared with those with preprocedural TIMI flow grade 2 to 3. Several explanations may account for the potential significance of preprocedural TIMI flow grade on clinical outcomes in patients with STEMI undergoing primary PCI. Longer ischemic time has been shown to be an important determinant of no rereflow. Prolonged ischemia and late reperfusion can impair endothelial function and cause myocardial tissue edema and hemorrhage. 10 Patients with preprocedural TIMI 2 to 3 flow grade indicating a partial reperfusion before primary PCI would have had shorter ischemic time and therefore less no-reflow and less myocardial damage.
Relationship Between Preprocedural TIMI Flow Grade and Morphological Characteristics of Culprit Plaque
A ruptured, eroded, or protruding calcified atherosclerotic plaque may induce local thrombosis, which is a crucial step in the pathogenesis of acute myocardial infarction.
14,15 Among these various underlying mechanisms for acute myocardial infarction or sudden cardiac death, plaque rupture is the most common cause. 16 Pathology studies have revealed that vulnerable plaques have several histological features that include a thin fibrous cap, a large lipid core, inflammatory cell infiltration, and neoangiogenesis. 17, 18 Our group investigated the underlying plaque characteristics in patients with ACS using OCT. 6 Plaque rupture was found to be responsible in 44% of ACS patients, whereas 31% had plaque erosion. However, it remains unclear why some plaques lead to STEMI with poor initial TIMI flow grade but others do not. Several investigators have reported the differences of culprit plaque morphologies between patients with STEMI and non-ST-segment-elevation acute coronary syndrome (NSTEACS). Our group reported that plaque rupture was more frequent in patients with STEMI (72%) than in those with NSTEACS (32%). 6 Ino et al 19 also found that patients with STEMI had a higher prevalence of plaque rupture (70% versus 47%) and TCFA (78% versus 49%), compared with those with NSTEACS. A recent IVUS study demonstrated that the prevalence of plaque rupture and radiofrequency-IVUS TCFA was higher in patients with STEMI than in those with NSTEACS. 20 In the present study, although plaque rupture and OCT-derived TCFA were frequently seen, their prevalence was not different between patients with preprocedural TIMI flow grade 0 to 1 and 2 to 3.
Dong et al 20 reported that EEM CSA, plaque burden, and remodeling indices were greater in patients with STEMI than in those with NSTEACS. A substudy of PROSPECT (Providing Regional Observations to Study Predictors of Events in the Coronary Tree) demonstrated that vessel area, plaque burden, and proximal location were independently associated with 21 A postmortem study showed that coronary artery plaques with positive remodeling had higher lipid content and macrophage count. 22 Previous IVUS and computed tomographic studies also suggested that patients with large plaque burden were at a high risk of developing ACS. 23, 24 Aforementioned results and our findings indicate that large lipid plaque is of greater risk for not only triggering acute coronary events but also leading to STEMI with worse preprocedural TIMI flow grade, resulting in greater microvascular dysfunction and myocardial damage.
It has been reported that patients with plaque erosion were younger, had less severe stenosis, and more frequently presented with NSTEACS than those with plaque rupture. 6 We recently reported that STEMI patients with plaque erosion had more fibrous plaque and less TCFA and smaller plaque burden and lower remodeling indices compared with plaque rupture. 7 Also, plaque erosion had greater plaque eccentricity index than plaque rupture. In the present study, there were no differences in morphological characteristics of culprit plaque between patients with plaque erosion with preprocedural TIMI flow 0 to 1 and 2 to 3.
Microchannels detected by OCT are associated with plaque vulnerability and future plaque progression. 25 Kitabata et al 26 demonstrated that microchannels identified by OCT were associated with a higher incidence of TCFA and positive remodeling. Our current study showed that microchannels were more frequently observed in patients with preprocedural TIMI flow 2 to 3. It is possible that not only inflammatory cells but also antithrombotic substrates generated by healthier adjacent endothelium may have easier access to occlusive thrombus in the presence of abundant microchannels.
There have been controversies on the degree of stenosis of the culprit lesion in patients with STEMI. Retrospective angiographic studies suggested that in more than two thirds of patients, STEMI evolves from mild-to-moderate stenosis. 27 However, prospective studies provided different information. A prospective IVUS study showed that independent predictors of an event (death, myocardial infarction, or target lesion revascularization) were IVUS minimal lumen area and area stenosis. 28 Recent angiography studies suggested the majority of STEMI occurred at the site of severe rather than mild coronary stenoses. 29, 30 A study by Frøbert et al 29 showed that the severity of stenosis responsible for STEMI was >50% in diameter was found in 96% of patients. A recent large-scale postmortem study of patients who died suddenly demonstrated that >75% CSA stenosis was observed in 70% of patients with plaque rupture. 31 Also, patients with plaque rupture had larger plaque and EEM area compared with those with fibroatheroma or TCFA. In the present study, both groups had severely narrowed minimal lumen CSA by IVUS (3.16 versus 3.09 mm 2 ) and large plaque burden at the culprit site (83.40% versus 81.76%). Our findings strongly indicated that the majority of STEMI was derived from severely narrowed culprit lesion with large plaque burden.
Limitations
There are several limitations that should be acknowledged. First, this was a single-center study, and analysis was done retrospectively. Second, the number of eligible subjects in this study was small. Particularly, the number of patients with preprocedural TIMI 2 to 3 was limited. A quarter of the patients with STEMI admitted during the study period were excluded and, therefore, there is a possibility that potential selection bias might have influenced the results. Third, patients were not pretreated with a glycoprotein IIb/IIIa inhibitor. Fourth, aspiration thrombectomy was performed to facilitate reperfusion before intravascular imaging. Although care was taken to avoid excessive mechanical trauma during thrombectomy, it is possible that this procedure may have altered the morphological features of the underlying plaque. However, it is unlikely that a thrombectomy catheter would have ruptured an intact plaque and vessel wall injury because of a catheter is distinctly different from spontaneous plaque erosion. Fifth, the presence of large thrombus overlying the culprit lesion or complex local anatomy such as heavy calcification might reduce the ability to assess the underlying plaque characteristics, especially plaque erosion, by OCT. Therefore, patients with massive thrombus or those in whom a catheter could not be advanced were excluded from our study. Sixth, microchannels were more frequently observed in patients with preprocedural TIMI flow 2 to 3. Patients with preprocedural TIMI flow 0 to 1 had a greater thrombus score, larger vessel sizes, and larger plaque areas. Because of shallow penetration depth and rapid attenuation, we might have underestimated the presence of microchannels especially behind the lipid content and red thrombus. Finally, the number of plaque erosion cases, particularly with preprocedural TIMI flow grade 2 to 3, was small. Further studies of larger size are required to investigate this subgroup.
Conclusions
Greater lipid burden detected by OCT and larger culprit vessel size and larger plaque area detected by IVUS are associated with reduced TIMI flow grade at baseline in patients with STEMI.
